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1	In robotics, situatedness refers to the extent to which a robot is embedded in the 
environment that can be sensed and modified through the robot’s sensors and 
actuators [41]. 
with	each	other	[41,43–45].	The	first	challenge	of	this	research	field	concerns	the	229	
design	of	robots	that	are	considered	as	groupmates	by	the	animals.	These	studies	230	
allow	identification	of	the	relevant	perceptual	components	used	by	the	animals	231	
(e.g.,	robot-fish	[46–48],	robot-bee	[49],	robot-rat	[50]).		Once	a	robot	is	accepted	232	
as	a	groupmate,	controlling	the	robot’s	behaviour	allows	investigation	of	social	233	
interactions	and	how	animals	respond	to	specific	behaviours.	These	studies	help	234	
to	identify	individuals’	cognitive	abilities	[45,51–53]	as	well	as	how	(and	what)	235	
information	is	transferred	within	groups	[54,55].	236	
	237	
Conclusions	238	
	 As	motivated	in	the	Introduction,	our	review	has	focussed	primarily	on	an	239	
economic	view	on	collective	decision-making.	The	economic	view	is	a	staple	of	240	
behavioural	ecology,	and	motivates	the	tools	of	optimal	decision	theory	for	the	241	
study	of	animal	behaviour.	Here	we	argue	that	for	decisions	in	functionally-242	
integrated	groups,	such	as	social	insect	colonies,	optimality	theory	should	also	be	243	
applied	to	collective	behaviour.	The	economic,	optimality	theory,	view	is	also	244	
applied	extensively	to	understanding	animal	behaviour	in	the	various	fields	of	245	
neuroscience	and	psychology.	There,	the	additional	focus	on	mechanisms	246	
underlying	behaviour	opens	up	a	new	dimension	of	study.	In	studying	individual	247	
animal	behaviour,	behavioural	ecology	has	traditionally	ignored	mechanism,	248	
however	there	is	a	movement	to	integrate	the	study	of	mechanism	with	function	249	
[56].	Collective	behaviour	is,	of	course,	particularly	amenable	to	observation	of	250	
mechanisms.	Furthermore,	through	adopting	modern	robotics	technology,	251	
behavioural	mechanisms	can	be	elucidated	through	manipulation;	this	might	be	252	
of	particular	interest	in	functionally-integrated	decision-making	groups	such	as	253	
social	insect	colonies.		We	argue	that	when	drawing	parallels	between	254	
mechanisms	for	collective	behaviour	and	mechanisms	for	individual	behaviour	is	255	
justified,	doing	so	provides	a	particularly	powerful	research	programme.	256	
	257	
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Reference	Annotations	415	
• Wolf,	Kurvers,	Krause,	Marshall	(2016)	-	**	In	this	paper	the	authors	416	
demonstrate	how	group	decisions	are	always	more	accurate	than	417	
individual	decisions,	yet	achieving	this	improvement	requires	that	418	
quorum	thresholds	for	decisions	be	set	according	to	the	accuracy	of	group	419	
members,	and	optimal	thresholds	need	not	be	simple	majority	rules.	420	
• Marshall,	Brown,	Radford	(2016)	-	**	In	this	review	the	authors	note	that	421	
when	group	members	vary	in	individual	decision	accuracy,	decision	422	
theory	shows	how	contributions	to	group	decisions	should	be	weighted	423	
by	the	accuracies,	or	confidences,	of	group	members.	The	authors	review	424	
the	application	of	such	theory	to	human	collective	decision-making	and	425	
note	the	potential	for	application	of	the	theory	to	non-human	animal	426	
groups.	427	
• Teodorescu,	Moran,	Usher	(2016)	-	**	This	paper	demonstrates	the	428	
presence	of	magnitude	sensitivity	in	decision	making	by	individuals.	The	429	
authors	show	that	the	absolute	value	of	a	stimulus	does	matter	in	decision	430	
making,	as	an	increase	of	the	absolute	value	reduces	decision	times,	in	431	
agreement	with	theoretical	arguments	[13,15]	.	The	authors	emphasise	432	
that	theoretical	frameworks	explaining	decisions	only	based	on	the	433	
accumulation	of	relative	evidence	cannot	explain	experimental	findings	434	
and	they	propose	two	alternatives	to	resolve	this	issue,	one	being	based	435	
on	a	drift	diffusion	model	with	value-dependent	multiplicative	noise	and	436	
the	other	one	being	related	to	a	leaky	competing	accumulator	model	with	437	
lateral	inhibition.		438	
• Tajima,	Drugowitsch,	Pouget	(2016)	-	**	This	paper	derives	the	optimal	439	
strategy	for	decisions	in	which	the	decision-maker	is	rewarded	by	the	440	
value	of	the	option	chosen.	Interestingly,	the	optimal	strategy	is	441	
equivalent	to	a	process	of	integrating	differences	in	evidence	streams,	but	442	
with	decision	boundaries	that	collapse	over	time.	Relating	this	optimal	443	
strategy	to	behavioural	observations	and	to	models	of	collective	decision-444	
making	(e.g.	[13])	should	prove	valuable.	445	
• O’Donnell,	Bulova,	DeLeon,	Khodak,	Miller,	Sulger	(2015)	-	**	In	this	paper	446	
the	authors	study	a	distributed	cognition	hypothesis,	building	on	social	447	
communication	instead	of	individual	cognition.	One	prediction	of	this	448	
model	is	that	brain	investment	in	social	species	is	reduced.	The	authors	449	
present	data	from	observations	in	wasps,	which	support	the	distributed	450	
cognition	hypothesis.	They	conclude	that	evolution	of	eusociality	in	wasps	451	
was	accompanied	by	the	reduction	of	central	processing	brain	areas,	452	
which	might	be	a	significant	feature	of	other	types	of	social	insects,	too.	453	
• Frohnweiser,	Murray,	Pike	and	Wilkinson	(2016)	-	*	In	this	review	the	454	
authors	survey	the	use	of	robots	for	understanding	animal	cognition,	455	
including	examples	mentioned	above.	The	authors	argue	that	robotics	456	
could	have	an	important	impact	on	understanding	of	perception,	spatial	457	
cognition,	social	cognition,	and	early	cognitive	development.	Their	458	
highlighting	of	social	interactions,	such	as	between	fish	and	honeybees,	is	459	
particularly	relevant	to	the	study	of	collective	decision-making.	460	
